The arrangement of plasmonic nanoparticles in a non-symmetrical environment can feature the far-field and/or near-field interactions depending on the distance between the objects. In this work, we study the hybridization of three intrinsic plasmonic modes (dipolar, quadrupolar and hexapolar modes) sustained by one elliptical aluminium nanocylinder, as well as behavior of the hybridized modes when the nanoparticles are organized in array or when the refractive index of the surrounding medium is changed. The position and the intensity of these hybridized modes were shown to be affected by the near-field and far-field interactions between the nanoparticles. In this work, two hybridized modes were tuned in the UV spectral range to spectrally coincide with the intrinsic interband excitation and emission bands of ZnO nanocrystals. The refractive index of the ZnO nanocrystals layer influences the positions of the plasmonic modes and increases the role of the superstrate medium, which in turn results in the appearance of two separate modes in the small spectral region. Hence, the enhancement of ZnO nanocrystals photoluminescence benefits from the simultaneous excitation and emission enhancements.
Introduction
The use of aluminium in plasmonics and in particular for the fluorescence enhancement and surface enhanced Raman scattering (SERS) has received significant attention in recent years. In the UV range, enhancement of the secondary light emission by the well-known plasmonic metals, Au and Ag, is not efficient because of the high absorption. [1] [2] [3] Unlike in these materials, the interband transitions of aluminium are located in the near-infrared. 4, 5 Also, aluminium is a widespread abundant material and has a favourable dielectric permittivity to sustain the localized surface plasmon (LSP) resonances in the deep-UVvis range. [4] [5] [6] [7] By varying the shape and size of Al nanoparticles one can tune the plasmonic resonance in a wide range and even excite multiple modes in different spectral regions simultaneously. 8 Despite the fact that a few nm-thick native oxide layer grows at the surface in the ambient condition and affects the surface enhancement processes, there is still a number of articles illustrating the use of the Al substrates and nanoparticles for SERS and fluorescence enhancement. 1, [9] [10] [11] [12] [13] [14] [15] [16] [17] Optical properties of plasmonic nanoparticles arrays differ significantly from the properties of isolated nanoparticles, due to the appearance of lattice resonances (LR) resulting from the diffraction mediation of the radiative coupling between nanoobjects. 18 The position of the diffraction lattice modes depends on the array spacing, refractive index of the surrounding medium and the illumination angle. 6, [18] [19] [20] [21] [22] [23] These collective resonances are usually considered to originate from the interaction between the individual dipolar modes of each nanoparticle. Lattice resonances originating from the quadrupolar or gap modes were also demonstrated. 21, 24, 25 Besides the far-field coupling due to the diffraction in the plane of the array, complex plasmonic nanoparticles or nanoparticle clusters can benefit from the near-field coupling or hybridization of the intrinsic modes, [26] [27] [28] which can result in changes of the LSP position and the appearance of Fano resonances. Similar behaviour is observed in non-symmetrical environments. 26, [29] [30] [31] For example, one can create conditions for the effective coupling by introducing symmetry breaking into the system by means of a dielectric or a metal substrate. 28, 32, 33 However, the simultaneous control of the far-field and nearfield coupling in one system still requires further investigation.
Low-dimensional ZnO-based materials continue to attract interest due to their highly sought-after properties suitable for optoelectronics such as a wide bandgap of 3.37 eV, large excitonic binding energy of 60 meV and size dependent optical and electronic properties. 34, 35 Recently the improvement of the near band gap emission of ZnO nanostructures with the help of different plasmonic materials has become a developing research field. At first it was achieved using silver and gold [36] [37] [38] [39] and then the focus was shifted towards aluminium, since it is more commercially viable material. [40] [41] [42] [43] [44] [45] In this work, we study the plasmonic modes hybridization in an array of elliptical Al nanocylinders. Due to its elliptical shape, a nanocylinder has a number of excited plasmonic modes such as dipolar, quadrupolar and hexapolar modes, which interact with each other in an asymmetric environment. The energy of the hybridized modes was shown to depend on the far-field interaction of the nanoparticles in array. Under certain conditions, two plasmonic modes appear in the UV spectral range and spectrally coincide with the intrinsic interband excitation and emission bands of ZnO nanocrystals.
Experiment and methods
The ordered arrays of elliptical aluminium nanocylinders were fabricated by electron beam lithography (Raith eLINE system), which enables the production of nanostructures having wellcontrolled size, shape, and interparticle spacing. The thickness of aluminium was set to 50 nm and interparticle spacing was 216 nm (Fig. 1a ). Structural characterization of these samples was conducted using a scanning electron microscope (SEM) ( Fig. 1d ). ZnO nanocrystals precursor was prepared by dissolving zinc acetate in ethanol (0.48M) under stirring for 24 h. The solution was then uniformly deposited on a glass substrate by spin coating followed by the annealing on a hot plate for 5 min at 300°C. The annealing leads to transformation of amorphous ZnO to polycrystalline phase with the crystals of a mean diameter of 5-7 nm. Reference sample (identic substrate with bare Al nanocylinders) was prepared and heated the same way up to 300°C. The plasmonic peaks did not shift, only a variation of the intensity was observed.
Optical characterization of the samples was performed at room temperature. For the extinction measurements the transmitted light was collected using a collection lens coupled to an optical fiber and a spectrometer Ocean Optics USB2000+. Photoluminescence spectra were recorded by a spectrometer under the excitation by the He-Cd laser (325 nm).
Numerical simulations were performed using Lumerical software, based on the Finite Difference Time Domain method. ZnO was simulated as a layer with a known refractive index (about 1.7 for the studied spectral range) and extinction coefficient. 46 The surface charges distribution was calculated according to the formula described elsewhere. 47
Results and discussion
LSP resonance frequency of the fabricated aluminium nanostructures is mainly determined by the size and shape of the nanoparticles, and also by the dielectric permittivity of the substrate and the ambient medium. The coupling between the lattice modes of the pattern and the plasmonic modes can modify the shape and position of the resonance peak. 18 Al nanoparticles sustain LSP resonances in a wide spectral range. For single cylindrical nanoparticles, the main in-plane dipolar resonance shifts from 300 to 600 nm as their diameter increases from 70 to 180 nm. 4 One of the main requirements for the effective coupling between LR and LSP modes is their spectral overlap.
We studied elliptical aluminium nanocylinders (major and minor axes experimentally measured of 192 nm and 102 nm, respectively) in an array having a pitch of 216 nm. Depending on the light polarization the elliptical nanocylinders can sustain dipolar resonances of different energies along the two axes. For the excitation polarized along the minor axis (TE) of the nanocylinders the extinction spectrum has a maximum at 360 nm ( Fig. 1b ). One can notice that this peak is slightly asymmetrical. Indeed, for a pitch of 216 nm the position of the (±1, 0) Rayleigh is around 334 nm. Then, the interaction between the LSP resonance of nanocylinders and the Rayleigh anomaly results in the narrowing of the resonance and the asymmetry of the curve. The extinction spectrum for the polarization along the long axis (TM) features a wide plasmonic maximum near 490 nm. As the LSP resonance and the LR are spectrally separated, the narrowing observed for the TE polarization does not appear here.
The results of the FDTD numerical simulations for the proposed system are shown in Fig. 1e . The nanoparticles were simulated as an array of aluminium elliptical nanocylinders surrounded by a 3 nm-thick oxide layer and deposited on a glass substrate. Taking into account that the simulations are performed for an infinite array, the calculated extinction spectrum agrees well with the experimental results. Indeed, the optical response of a finite and infinite arrays may differ. 23 The calculated spectrum of the array for the TM polarization has a wide maximum around 480 nm, but it also has a small narrow band at 350 nm which matches the LR position. This peak does not appear in the experimental spectrum probably due to the imperfections of nanocylinders shape and the finite size of the experimental array.
The extinction spectra of the Al array covered with ZnO nanocrystals is shown in Fig. 1c . In the case of TM polarization (black curve), the peak maximum is red-shifted by 100 nm, and less intense extinction bands appear in the range of 300-370 nm. To avoid the contribution of the absorption band of the ZnO nanocrystals, all spectra obtained for the coated arrays were normalized by the extinction spectrum of the ZnO nanocrystals without Al nanoparticles ( Fig. 1c blue curve).
Two distinct peaks at 342 and 386 nm appear for the polarization along the short axis of the nanocylinders (Fig. 1c ). The splitting of the extinction peak after the emitter deposition is often associated with strong plasmon-exciton coupling, when the surface plasmon mode coherently hybridizes with emitter excitons. 48, 49 Also recently, the coupling of excitons with lattice plasmons was studied in weak coupling regime. 50 However, two maxima at 335 nm and 370 nm appear for the numerical simulation as well ( Fig. 1f ), although in our simulations we do not consider ZnO as an emitter but only as a layer with known refractive index. Then, different factors affecting the spectra were considered to understand the origin and behavior of the new modes.
Single nanocylinder modes.
We perform the numerical study of a single elliptical Al nanocylinder with a long axis of 186 nm and a short axis of 96 nm (same sizes as mentioned previously but without native oxide layer) in air ( Fig. 2) . One can see that single Al nanocylinder extinction spectrum has two distinct bands peaking at 210 and 310 nm respectively, and a shoulder at 200 nm ( Fig. 2a ). The peak at 310 nm is wide and has dipolar features, while the high frequency mode is narrower. The absorption spectrum features two distinct peaks (195 nm and 215 nm), which merge into a single one on the extinction spectrum. These two maxima are associated with the out-ofplane quadrupolar mode excited due to the phase retardation effect, and in-plane hexapolar mode, excited due to the elliptical shape and size of the nanocylinder (black curve in Fig. 2b ). This assumption is confirmed by the separate simulation for an elliptical nanocylinder with a height of 20 nm which is not high enough to be influenced by the retardation effect under normal incidence excitation (red curve in Fig. 2b ). The spectrum exhibits one peak (below 300 nm) at 230 nm that can be attributed to the hexapolar mode. Simulation performed for the circular cylinder (blue curve in Fig. 2b) shows maximum of absorption at 215 nm arising from the quadrupolar mode excitation due to the retardation effect. It should be noted that the position of the hexapolar peak of elliptic nanocylinder is blue-shifted for the 50 nm-high nanocylinder due to the known effect when the LSPR wavelengths strongly blue-shift upon the increase of the nanoparticle height (and thus decrease of the aspect ratio). 51 As it was pointed earlier, Al nanoparticles oxidize in air and the 3 nm thick Al2O3 layer appears on the surface 4 and induces a red shift of the spectra since the average refractive index around a metal nanoparticle increases (spectrum not shown). The extinction maxima in this case are shifted to 225 nm and 320 nm, respectively.
Substrate influence and near-field interactions.
In all our experiments, the elliptical nanocylinders were organized in a dense array on a substrate. The substrate breaks the symmetry of the system and induces a significant shift of both plasmonic modes. The resulting extinction peaks arise at 255 nm and at 390 nm, respectively (Fig. 3a) . Similar peaks were found to appear in the spectra of a circular cylinder of 102 nm in diameter (Fig. 3b ). In this case there are two hybridized modes which are dipolar/quadrupolar in nature according to the charge distribution calculations (Fig. 3d) . These modes were observed as well in silver nanocubes and nanocylinders 29, 33 and were found to be induced by the symmetry breaking of the surrounding medium. The mode at 400 nm is mostly localized near the glass surface and can be described as a sum mode (D0+Q0), where D0 is a dipolar mode of the nanocylinder in air and Q0 is the quadrupolar mode. For the mode at 260 nm, the electric field is confined on the top plane of the nanocylinder and can be explained as a difference of the initial modes (D0-Q0). The charge distributions are different for the elliptical (Fig. 3c ) and circular nanocylinders (Fig. 3d ). For the latter, the 4 | J. Name., 20 , 00, 1-3 simulations show dipolar-like charge distribution for both modes, while for the elliptical nanocylinders the modes are similar to the mixture of hexapolar mode and already hybridized dipolar/quadrupolar modes.
In the array of the elliptical nanocylinders, the length of the major axis is very close to the interparticle distance, which results in a small (24 nm) gap between the nanocylinders along their long axis and in the enhancement of the local electric fields. It was shown that at this distance, near-field interactions influence the spectrum of the structure. 52 Figure 4a shows the spectra of a single elliptical nanocylinder and five nanocylinders deposited on the substrate with 24 nm interparticle distance. Due to the interparticle interactions the main band experiences a blue shift to 354 nm. 53 We also conducted additional studies wherein a layer of ZnO was introduced into the system. The ZnO deposition induces a redshift of the whole spectrum ( Fig. 4b ) due to the local refractive index change. The peaks become closer and the main maxima are located at 305 nm and 410 nm, respectively.
Origin of the modes.
Simulations results for the infinite array of Al nanocylinders covered by layer of ZnO nanocrystals ( Fig. 1(f) modes: at 335 nm and at 370 nm. For both of them one can notice the different charge distributions at the top and at the bottom of the nanocylinders (Fig. 5a ). The mode at 335 nm is similar to the mode of the single elliptical nanocylinder at 255 nm (Fig. 3c ). In vertical cross section it has the features of the quadrupolar mode, while the top plane distribution is similar to the dipolar mode and the bottom plane distribution is similar to the hexapolar mode. The mode at 370 nm resembles a non-symmetrical hexapolar mode. It has some similarities with the mode for the single elliptical nanocylinder on the substrate at 390 nm (Fig. 3c) , although hexapolar component appears to be more intensive, due to the nanocylinders packing and higher refractive index of the superstrate with ZnO deposition. The appearing of these two modes can be explained with the help of a hybridization model. The initial modes in the system are dipolar, quadrupolar and hexapolar ones (Fig. 5b) . In a nonsymmetrical environment, these modes interact with each other. At first, we consider the coupling of the dipolar and quadrupolar modes that results in formation of two new modes, namely: D0-Q0 and D0+Q0. Each of these modes interact with the hexapolar mode. Further on, the mode at 370 nm is similar to the D0+Q0-H0 mode and the mode at 335 nm is similar to the D0-Q0+H0 mode, where the D0, Q0, H0 are the dipolar, quadrupolar and hexapolar modes of the nanocylinder in air, respectively.
Superstrate and pitch influence.
The superstrate media are known to change the LR positions as well as affect the intrinsic LSP resonance position which is widely used in LSP resonance based refractive index sensors. 6, [54] [55] [56] [57] [58] The typical behavior of the plasmonic modes is a red shift upon the increase of the surrounding refractive index. We numerically studied the circular nanocylinders with a diameter of 102 nm and 50 nm height arranged in an array with a 216 nm pitch on the glass substrate (Fig. 6a) . Herein, the refractive index of the superstrate is varied from 1 to 2. The main peak shifts from 360 nm to 500 nm when the superstrate refractive index rises. The shift and broadening of the peak result from the decoupling of the LSP and lattice resonance. The LR excited in the substrate (at 335 nm) becomes less pronounced and tends to vanish with the rise of the superstrate refractive index.
Interesting features appear in the spectra of the elliptical nanocylinders ( Fig. 6b) with the same short axis (102 nm), but different long axis (192 nm). The incident light is polarized along the short axis of the nanocylinders. The extinction spectrum changes significantly with an increase in the superstrate refractive index (Fig. 6b ) and shows new features, when compared to the case of the circular nanocylinder (Fig. 6a ). For nsup<1.5 the mode at 340 nm remains almost unchanged but the additional mode of the higher energy shifts strongly with the rise of the refractive index of the superstrate. For nsup>1.5 mode (ii) shifts toward the red region, while mode (i) stays coupled with the LR of the substrate. Mode (ii) corresponds to previously described mode D0-Q0+H0, and mode (i) is associated with mode D0+Q0-H0.
The effect of the elongation of a nanocylinder axis on the spectral behavior of the array was also analyzed (Fig. 6c ). When the superstrate is air and the incident wave is polarized along the short axis, the spectrum does not change significantly with elongation. The main resonance becomes more narrow as the length of the long axis increases. The extinction behavior of the array covered with ZnO nanocrystals is different (Fig.6d) . The refractive index of ZnO nanocrystals layer depends on the wavelength and is about 1.7 for this spectral range. Extinction spectra for the elliptical nanocylinder array features two maxima at 335 nm and 370 nm. Both of them coincide with the diffraction order wavelengths in the substrate and the superstrate. The origin of the peak at 335 nm becomes clear from Fig. 6b . This mode shifts from the deep-UV region and couples with the LR of the substrate. In turn the mode (ii) shifts to the red and interacts with the lattice resonance of the superstrate. The two modes are observed only when the long axis is longer than 170 nm and hexapolar mode influence becomes more pronounced.
A change in the periodicity also influences the mode appearing ( Fig. 7) . For the air superstrate, the resonances are shifted to the red following the LR of the substrate (Fig. 7a ). The ZnO superstrate induces the two modes which appear for the pitch of 200-240 nm in the spectral range between 300 nm and 400 nm. Fig. 6b shows that in the case of a larger pitch, the LSP mode from the deep-UV does not overlap with a diffraction order frequency and therefore does not couple with it. However, one can assume that if the superstrate refractive index increases, an additional mode will be observed for a larger range of periods. These results show that it is possible to observe two lattice modes of the first order in the substrate and the superstrate if these grating-induced resonances are supported by the nanoparticles plasmonic modes.
Photoluminescence enhancement.
Al nanostructures were found to influence ZnO photoluminescence (PL). Upon the excitation at 325 nm the PL spectrum features a peak at 385 nm which corresponds to a narrow near band-edge emission of ZnO. The experimental measurements show a 9.7-fold enhancement of the ZnO PL on the described array of Al nanostructures compared to bare ZnO nanocrystals (Fig. 8) . The plasmonic enhancement of the photoluminescence is associated with a strong electric field localization as well as change in the radiative and non-radiative decay rates of the emitter in the vicinity of the plasmonic nanoparticle. [58] [59] [60] [61] In our configuration the native aluminium oxide layer plays a role of a spacer between the ZnO nanocrystals and aluminium. Previously the emission of ZnO near the metal nanoparticles was shown to increase significantly with the introduction of a spacer into the system due to the decrease in the nonradiative relaxations of the excited state. 40 Aluminium nanoparticles do not change the photoluminescence spectra shape, which can serve as an evidence of the absence of the strong coupling in the system.
We study the effect of the plasmonic mode appearing in the extinction spectrum of Al nanocylinders at 342 nm on the enhancement of ZnO nanocrystals photoluminescence. We experimentally considered the array having close characteristics to previous nanocylinders (sizes 170 nm x 102 nm). The array period was fixed at 216 nm. The extinction spectra of these arrays in air is almost the same. For Al nanocylinders covered with a ZnO nanocrystals, two distinct peaks at 342 nm and 386 nm appear only for the array with bigger nanoparticles (inset in Fig. 8 ), which is in agreement with the simulation (Fig. 6d ). For the nanocylinders 170 nm x 102 nm, the peak at 342 nm does not appear clearly.
PL of ZnO nanocrystals on the 170 nm x 102 nm nanocylinders was 5.4-fold enhanced in comparison to their PL on the glass substrate. It is important to note that the area of Al is 15 % lower in the case of smaller nanocylinders. The increase in area alone cannot account for the rise in the enhancement factor from the 5.4 times to 9.7. We can conclude that the PL signal of ZnO nanocrystals benefits from the additional enhancement of the excitation when the mode at 342 nm appears.
Conclusions
In summary, we have performed an experimental and numerical study of the plasmonic modes hybridization in an array of the elliptically shaped aluminium nanocylinders. Aluminium nanoparticles sustain the localized surface plasmon resonances in the wide spectral region that allows in detail analysis of the variety of the excited modes and their interaction in the UV region. We found that the appearance of the two plasmonic maxima in the extinction spectrum after the deposition of the emitter, which is usually associated with a process of a strong plasmon-exciton coupling, may originate from the shift and interaction of the modes with lattice resonances. The observed modes originate from the hybridization of three plasmonic modes (in-plane dipolar, inplane hexapolar and out-of-plane quadrupolar modes) of the elliptical nanocylinder and excitation of the lattice modes (in a substrate and superstrate) if these lattice resonances are supported by the plasmonic modes of the nanoparticles.
ZnO nanocrystals influence the position of plasmonic modes and increase the role of the superstrate medium which results in the appearance of two separate modes in the small spectral region.
The enhancement of ZnO nanocrystals photoluminescence benefits from the simultaneous excitation and emission enhancements. Thereby we show that the analyte itself can play an important role in the plasmonic modes appearing due to its refractive index. Taking into account the possible benefits of the analyte refractive index may result in the optimization of the surface enhancing system. Therefore, the combination of the well-designed Al nanostructures and ZnO nanocrystals may play a key role in high-efficiency optoelectronic devices.
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